
99© Springer International Publishing AG 2017
A. Sussulini (ed.), Metabolomics: From Fundamentals to Clinical Applications, 
Advances in Experimental Medicine and Biology, 
DOI 10.1007/978-3-319-47656-8_5

Chapter 5
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Abstract  This chapter focuses on the important contribution of CE-MS in 
metabolomics, describing the nature of CE-MS coupling and the technical 
improvements that have led to the interfaces used in modern instrumentation. 
Moreover, it will discourse how the variety of electrolyte compositions and addi-
tives, which has conferred CE the exceptional selectivity of its multiple separa-
tion modes, has been handled to allow interfacing with MS without compromising 
ionization efficiency and the spectrometer integrity. Finally, the methodologies of 
CE-MS in current use for metabolomics will be discussed in detail. To verify the 
scope of CE-MS in clinical metabolomics, a myriad of representative applications 
has been compiled.
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Abbreviations

ACE	 Affinity capillary electrophoresis
ACS	 Acute coronary syndrome
AD	 Alzheimer’s disease
ANN	 Artificial neural network
ANOVA	 Analysis of variance
APCI	 Atmospheric pressure chemical ionization
APFO	 Ammonium perfluorooctanoate
BGE	 Background electrolyte
CE	 Capillary electrophoresis
CEC	 Capillary electrochromatography
p-CEC	 Pressure-assisted CEC
CESI	 Capillary electrophoresis integrated to electrospray 

ionization
CGE	 Capillary gel electrophoresis
CIEF	 Capillary isoelectric focusing
CITP	 Capillary isotachophoresis
CKD	 Chronic kidney disease
CMC	 Critical micelle concentration
CoA	 Co-enzyme A
CRPS	 Complex regional pain syndrome
CSF	 Cerebrospinal fluid
CTAB	 Cetyltrimethylammonium bromide
CVA	 Canonical variate analysis
CZE	 Capillary zone electrophoresis
DA	 Discriminant analysis
DS	 Dextran sulfate
EOF	 Electroosmotic flow
ESI	 Electrospray ionization
FAB	 Fast atom bombardment
FDR	 False discovery rate
FTICR	 Fourier-transform ion cyclotron resonance
GC	 Gas chromatography
HCA	 Hierarchical cluster analysis
HF	 Hydrogen fluoride
HILIC	 Hydrophilic interaction liquid chromatography
1H NMR	 Proton nuclear magnetic resonance
HPLC	 High-performance liquid chromatography
I.D.	 Inner diameter
IS	 Internal standard
IT	 Ion trap
kNN	 k-Nearest neighbors
LC	 Liquid chromatography
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LDA	 Linear discriminant analysis
LLE	 Liquid-liquid extraction
LOO-CV	 Leave-one-out cross validation
M	 Molecule
MALDI	 Matrix-assisted laser desorption ionization
MCR-ALS	 Multivariate curve resolution alternating least squares
MEKC	 Micellar electrokinetic chromatography
MLR	 Multiple linear regression
MS	 Mass spectrometry
MS/MS	 Tandem mass spectrometry
MSc	 Multiple sclerosis
MSI	 Multi-segment injection
O.D.	 Outer diameter
OPLS	 Orthogonal projections to latent structures
PB	 Polybrene
PCA	 Principal component analysis
PF	 Partial filling
PKD	 Polycystic kidney disease
PLS	 Partial least square
PVA	 Polyvinyl alcohol
PVS	 Poly(vinyl sulfonate)
Q	 Quadrupole
QC	 Quality control
QqQ	 Triple quadrupole
qRT-PCR	 Quantitative real-time polymerase chain reaction
RPLC	 Reversed-phase liquid chromatography
SAM	 Significance analysis of microarrays
SDS	 Sodium dodecyl sulfate
SHL	 Sheath liquid
SPE	 Solid-phase extraction
SRM	 Selected reaction monitoring
SVM	 Support vector machine
TEA	 Triethylamine
TEDETAMA-co-HPMA	 Copolymers of N-(2-hydroxypropyl) methacrylamide 

(HPMA) and the dendronic methacrylic monomer 
2-(3-(Bis(2-(diethylamino)ethyl)amino)propanamido)
ethyl methacrylate (TEDETAMA, derived from 
N,N,N′,N′-tetraethyldiethylenetriamine, TEDETA)

TOF	 Time of flight
UPLC	 Ultra-performance liquid chromatography
UTI	 Urinary tract infection
UV	 Ultraviolet radiation
VIP	 Variable importance in the projection
VUR	 Vesicoureteral reflux
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5.1  �The Niche of CE-MS in Metabolomics

Metabolomics, the analysis of the entire set of metabolites (metabolome), or a 
partial set of selected metabolites and/or substrates, expressed by an organism in 
preestablished conditions, via comparative experiments, has been the subject of 
irrefutable attention by the scientific community, since its inception in the late 
1990s by Nicholson et al. and Fiehn [1, 2]. Both formats, untargeted (hypothesis 
generating) and targeted (hypothesis driven) metabolomics, are possible and have 
helped characterizing systemic responses of organisms to disease, pharmaceutical 
intervention, and dietary modulation [3–6]. Proton nuclear magnetic resonance (1H 
NMR) spectroscopy [7, 8] and mass spectrometry (MS) hyphenated with high- or 
ultra-performance liquid chromatography (HPLC or UPLC) and gas chromatogra-
phy (GC) are the analytical platforms with prevalent use in the characterization of 
the metabolome [9–14]. A plethora of applications [15] with natural product-
related [16, 17], nutritional [18–20], pharmaceutical [21], and clinical [22–26] 
importance have been compiled periodically. The choice of analytical technology 
applied in such studies is typically dependent upon the assessed class of chemical 
compounds, the cost of analysis, ease of sample preparation, and the requirement 
for sensitivity, specificity, and robustness. No single method enables complete cov-
erage of the holistic metabolic information, and increasingly, metabolomics stud-
ies are adopting more than one analytical platform to augment the number of 
identified metabolites.

The particularities of metabolomics within the context of systems biology, as 
well as a general workflow of metabolomics studies from experimental design to 
biological validation, have been discussed thoroughly in Chap. 1. It is important 
to detail here the extent by which different analytical platforms approach the 
metabolome contents and how capillary electrophoresis is inserted in this 
context.

NMR has been the precursor technique for metabolomics and made a relevant 
contribution in the variety of application areas cited and referenced so far. This is 
mostly due to suitable performance characteristics, such as robustness, ease of data 
acquisition, and fairly wide metabolic coverage [1, 7, 8]. However, sensitivity and 
spectrum complexity have been issues in NMR metabolomics studies.

Nowadays, the high selectivity and sensitivity offered by MS platforms allowed 
MS to have conquered a sizeable niche in metabolomics, especially when the mass 
analyzer is hyphenated up front to a separation instrument [14]. Temporal separa-
tion of metabolites prior to detection is a desirable feature when complex matrices 
such as biological fluids and tissues are assessed.

GC-MS has been comprehensively explored for metabolomics since the very 
beginning [2, 14], with early studies in the context of plant metabolomics [16]. 
Although GC-MS is suited to assess the volatile portion of the metabolome, sample 
derivatization schemes [27] aiming primarily at volatility enhancement allowed GC 
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to reach a rather polar fraction in water-rich biofluids; for instance, carboxylic acids, 
amino acids, and biogenic amines can all be analyzed simultaneously in a single 
chromatographic run and ionization mode. Moreover, the high specificity associ-
ated with the resulting adducts allows the use of low-resolution mass spectrometers 
and the building of dedicated spectra libraries for compound identification [28]. 
Nevertheless, necessary sample derivatization schemes are time-consuming tasks 
and have limited the application of GC-MS to clinical protocols where only a small 
set of samples is under consideration.

Liquid chromatography-mass spectrometry (LC-MS) has been the premier tech-
nique in metabolomics for many years [9–14], despite the fact that to achieve the 
same metabolic coverage NMR does, multiple column chemistries must be screened. 
There are plenty of systematic studies where the information acquired from the 
more traditional reversed-phase (RPLC-MS) to the recently revisited hydrophilic 
interaction (HILIC-MS) modes is combined to promote a more thorough metabolic 
coverage (from nonpolar and/or moderately polar metabolites up to the ionic/polar 
ones) [29, 30]. The completion of human serum and urine metabolomes is a good 
example of the complementary information NMR and hyphenated MS analytical 
platforms offer [31, 32].

Considering the orthogonal separation mechanism provided by capillary elec-
trophoresis (CE), it has emerged as a promising complementary technique to 
both liquid and gas chromatography for metabolic profiling of biological fluids 
as an impressive series of periodic review articles attest [33–56]. Intrinsic char-
acteristics, such as high efficiency and resolution power, rapid analyses, and, 
most importantly, the ability to assess, without derivatization, the most polar 
and/or ionic compounds in the metabolome, have placed CE in an advantageous 
position. This chapter will therefore give a comprehensive overview of the state 
of the art in CE-MS technology, describing the methodologies in use for metabo-
lomics and compiling representative applications of CE-MS in clinical 
metabolomics.

5.2  �CE-MS

5.2.1  �Onset and Pioneer Work

Although MS has currently achieved remarkable capacity to screen the composition 
of complex samples, in order to obtain relevant information about any biological 
system in a comprehensive manner as metabolomics studies do, it is recommend-
able to couple MS with different separation techniques and benefit from the three-
dimensional information the hyphenated system imparts (retention and/or migration 
time, peak intensity, and mass-to-charge ratio).

5  Strategies Involving Mass Spectrometry Combined with Capillary Electrophoresis



104

Within the context of coupling separation techniques to MS, CE-MS was the last 
to be established, and interfacing the two platforms followed a timeline. While GC 
and HPLC were firstly registered around the 1950s and 1960s [57, 58], the first 
reports on electrophoresis effectively performed on capillary tube dimensions were 
registered in 1981, by Jorgenson and Lukacs [59, 60]. Before that, some authors had 
published electrophoretic separation on “quasi-capillary” dimensions, namely, 
Hjérten (using 300 μm i.d. capillary for the separation of inorganic ions, nucleo-
tides, and proteins), Virtanen (using 200–500 μm i.d. capillaries), and Everaerts and 
collaborators, who first reported a completely automatized CE system using 100 μm 
i.d. capillaries [61–63].

Capillary zone electrophoresis (CZE) is the simplest and most commonly used 
CE mode due to the straightforwardness of background electrolyte (BGE) compo-
sition, principle of separation, and broad application to the analysis of diverse 
samples, containing from small ions to large biomolecules [64]. In CZE, analytes 
are separated according to differences in electrophoretic mobilities, which are 
dependent on the molecule/species charge-to-radius ratio and the medium viscos-
ity. Neutral analytes are thus not separated by this mode, constituting one of the 
CZE main drawbacks. To overcome such limitations and to expand CE applicabil-
ity, other CE modes have been developed, such as micellar electrokinetic chroma-
tography (MEKC, where micelles are used as carriers to assess primarily the 
separation of neutral compounds) [65], capillary isoelectric focusing (CIEF, 
where separation of amphiprotic substances is conducted in a pH gradient) [66–
68], capillary isotachophoresis (CITP, where discontinuous leading and terminat-
ing electrolytes are used to separate small molecules and ions) [69], capillary gel 
electrophoresis (CGE, which uses gels or entangled polymers to assess large mol-
ecules and polymers) [70], capillary electrochromatography (CEC, where packed 
capillary columns are used to explore additional solute-stationary phase interac-
tions) [71], and affinity capillary electrophoresis (ACE, which explores biospe-
cific interactions) [72], among other modes. In fact, the versatility of performing 
almost all different modes (CEC and certain formats of CGE are a few exceptions) 
in the same capillary format and in the same equipment, only requiring alteration 
of the BGE composition, constitutes one of the major advantages of CE as a sepa-
ration technique. Additional characteristics of CE include high resolution and 
efficiency (a million plates can be achieved), low consumption of BGE (few μL 
per run), small sample volume (few nL per run), and relatively fast separations 
(less than 5 min in favorable cases).

The most frequently used detection scheme available in almost all commercial 
CE equipments is based on absorption of UV-visible radiation (CE-UV). The UV 
detector is usually built on-capillary. By removing a narrow portion of the poly-
imide that coats externally the capillary, a detection window of tenths of millimeters 
is created. Any compound containing a chromophore group that passes the detection 
window will absorb the UV-visible radiation focused on the capillary and give a 
signal. However, the optical length available for absorption is the capillary inner 
diameter (usually 50 or 75 μm). Comparing such dimensions with those presented 
by HPLC detection cells (in the order of cm), allied to the reduced sample volume 
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introduced into the CE capillary (in the order of nL), puts in evidence the reduced 
concentration sensitivity posed by CE-UV systems.

The analysis of biological samples generally requires the use of sensitive, selec-
tive, and universal detectors. CE-MS coupling has arisen as a valuable alternative to 
overcome sensitivity and also selectivity issues associated with the UV detector, 
since the MS detector provides online spectral information; in addition, it is univer-
sal, and rather sensitive, depending on the interface used in the coupling. However, 
two main issues must be addressed when coupling CE to MS, namely, the separa-
tion mode and the interface design.

The CE-MS coupling was registered for the first time in 1987 by Smith and col-
laborators [73], constituting the first description of what is now known as sheathless 
interface. In their pioneer work, a capillary electrophoresis system (operated under 
CZE mode) was coupled to a quadrupole mass spectrometer using electrospray ion-
ization (ESI) for the analysis of quaternary ammonium salts. In their instrumental 
arrangement, the cathode (or low voltage end) of the CE capillary was inserted into 
a stainless steel capillary in order to establish both the CE and the ESI electrical 
circuits. The capillary inlet was immersed in a BGE reservoir, and an electroosmoti-
cally induced flow allowed the CE effluent to be directly introduced into the 
MS. Nitrogen gas was used as drying gas in countercurrent to the CE effluent to 
assist droplet desolvation. Higher separation efficiency was obtained by decreasing 
the sample plug and concentration. However, several restrictions were imposed by 
this first CE-MS arrangement: low flow requirements for spray stability, limited 
BGE composition, and issues related to the capillary preparation process, such as 
the need of several steps for metal deposition and erosion of the deposited metal, 
requiring replacement after a few days of operation. By addressing these problems, 
in the following year, Smith and col. published a new manuscript, where some 
improvements were reported [74]. The CE capillary cathode end was again inserted 
into a stainless steel tube, and few millimeters of the capillary were protruded out-
side. In addition, silver vapor was used to produce the metal deposit at the capillary 
end, providing a system with better mechanical strength and extended lifetime. As 
a result, improved efficiencies of ESI sampling and ion transmission were achieved. 
A broader range of compounds, such as amino acids, polypeptides, quaternary 
ammonium salts, and water-soluble vitamins, was analyzed, presenting better 
separation efficiency than reported previously. In the same year, Smith and col. 
described a completely new and improved ESI interface, where the contact at the 
CE terminus was replaced by a thin sheath of flowing liquid [75]. It was the birth of 
the sheath liquid interface. With this new arrangement, a qualitative improvement in 
ESI stability was reached, and more importantly, no special treatment was required 
to establish the electrical contact at the capillary end, allowing easy replacement of 
the capillary. This design also constituted the basis for implementation of other CE 
modes. It is important to recognize the merit and contribution of Smith’s research 
group, who proposed in 1 year apart both CE-MS interface designs, which evolved 
into today’s modern instrumentation [76].

Figure 5.1 depicts a schematic representation of the variety of CE mechanisms, 
ionization modes, and types of mass analyzers reported so far in CE-MS coupling. 
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CZE is undoubtedly the most commonly used separation mode in the CE-MS cou-
pling, due to the easy manipulation of BGE composition (vide Table 5.1 for exam-
ples). In general, a simple buffer solution composed of volatile or semi-volatile 
acids or bases and corresponding salts is employed, e.g., formic or acetic acids, 
ammonia, and/or ammonium formate or acetate. However, the use of such simple 
BGE compositions restricts the pH range in which CE-MS separations can be per-
formed. BGE additives may be required to improve the separation quality when 
resolution is compromised. The use of organic modifiers and cyclodextrins has been 
invoked, although the latter is known to hinder ionization efficiency and to contami-
nate the ion source and/or the mass analyzer ion optics, restricting its applicability.

MEKC has also been coupled to MS and provide the concurrent separation of 
neutral and ionic compounds, which interact with micelle compartments and/or sur-
face to different extents. The solute McGown volume and the solute’s ability to 
interact with electrolyte components via hydrogen bonding seem to be the 
determinant factors that explain retention. The surfactants commonly used in 
MEKC (SDS, CTAB, bile salts, etc.), which are added to the BGE in a concentra-
tion above their critical micelle concentrations (CMC), are generally nonvolatile 
species. Thus, depending on the concentration used, they might cause ionic suppres-
sion at the interface and contamination of the ion optics or capillary clogging if 
introduced into the MS system [147]. To circumvent these problems, the addition of 
volatile surfactants to the BGE has been recommended. Moreno-González et  al. 
have employed ammonium perfluorooctanoate (APFO) as a semi-volatile surfactant 
for the separation of amino acids in human urine by MEKC-MS [148]. Separation 
of 20 amino acids (including leucine and isoleucine) with detectability in the ng 
mL−1 range was achieved with a BGE composed of 150 mmol L−1 APFO aqueous 
solution, adjusted to pH 9.0 with 14.2 mol L−1 ammonium hydroxide. At these pH 

Fig. 5.1  Schematic diagram of CE-ESI-MS systems
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and concentration conditions, a strong electroosmotic flow (EOF) is observed, the 
surfactant is totally deprotonated (perfluorooctanoic acid has a pKa of 2.8), and 
APFO micelles are formed (CMC is 25 mmol L−1). With the exception of lysine and 
arginine, at the pH range from 7 to 9, amino acids are either negatively charged or 
neutral, which enhances their interaction with micelles. The authors observed that 
analyte resolution under the optimized conditions is a result of micelle partitioning 
and electrophoresis. Therefore, the most negatively charged amino acids were 
attracted to the anode, presenting low mobilities, while the positively charged amino 
acids interact electrostatically with the micelle surface, also showing long migration 
times. Finally, this method presented an improved selectivity when compared to a 
standard CZE-MS method and required a simple dilution of the urine sample with 
BGE prior to introduction into the CE system.

An interesting strategy to couple MEKC to MS is to partially fill the CE capillary 
with a BGE containing surfactant, whereas the remaining portion of the capillary is 
filled with a regular BGE, compatible with the MS system. In the partial filling 
technique (PF-MEKC-MS), the analytes are then primarily separated by interac-
tions with micelles in the surfactant BGE length and reach the CE-MS interface 
before the surfactant does, when the current is interrupted. Sirén et al. have devel-
oped both PF-MEKC-UV and PF-MEKC-MS methods for the separation of endog-
enous low-hydrophilic steroids in plasma and urine samples [149]. For the 
PF-MEKC-MS method, the micellar solution was composed of 29.3 mmol L-1 SDS 
and 1.1  mmol  L−1 sodium taurocholate in 20  mmol  L−1 ammonium acetate at 
pH 9.68. Analytes that partially co-migrated after passing the surfactant BGE length 
were resolved in the MS operated at selected reaction monitoring (SRM) mode, 
resulting in the separation of eight analytes within 9 min.

CEC-MS has also been successfully used for the analysis of clinical samples. 
CEC development aimed at joining the high efficiency of CE (since the mobile 
phase flows through the capillary by EOF action, instead of pump pressure) with the 
high selectivity and peak capacity offered by the stationary phase in liquid chroma-
tography. Therefore, a stationary phase must be introduced into the CE capillary, 
which may be one of the main experimental challenges of the CEC technique. The 
literature reports some options to this task, such as slurry packing (which may form 
bubbles in the separation bed and demands insertion of frits into the capillary ends 
to retain the stationary phase), open-channel CEC (where the inner capillary wall is 
functionalized), and in situ polymerization of a monolithic phase, which is the pre-
ferred strategy. Blas and McCord have performed the analysis of urine samples by 
CEC-MS to quantify traces of ten benzodiazepines [150]. A monolith based on 
porous acrylate was used. An online pre-concentration step (stacking consisting of 
the injection of a large amount of sample – 15 min at 12 bar – dissolved in aqueous 
medium) and the use of a TOF mass analyzer were required to obtain high sensitiv-
ity and specificity. To ensure that only hydrophobic interactions between analytes 
and the monolith occur, analyses were performed at pH  7.0, using 5  mmol  L−1 
ammonium acetate as BGE. Under these conditions, analytes at 1 ng mL−1 in urine 
samples could be quantified. One of the main problems encountered in CEC is bub-
ble formation due to Joule heating, which may cause column dry out and current 
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interruption. To circumvent these problems, pressure-assisted CEC (p-CEC), where 
an extra pressure flow matches the EOF, coupled with ESI-QTOF-MS via a sheath-
less interface has been proposed for metabolomics profiling of urine samples [151]. 
The optimized method was successfully applied in the contrast of lung cancer 
patients and healthy subjects. Among 16 discriminant metabolites, three glutamine 
conjugates, including phenylacetylglutamine, acylglutamine C8:1, and acylgluta-
mine C6:1, were identified.

To our knowledge, other CE modes in CE-MS couplings, such as CIEF-MS and 
CGE-MS, have not been applied in clinical metabolomics studies, and they will not 
be covered in this chapter.

5.2.2  �CE-MS Interfaces

An important aspect to be considered when coupling CE to MS is the interface 
itself. Although many ionization schemes have been tested to date (Fig. 5.1), elec-
trospray ionization (ESI) has been the ionization mode of choice, since it transfers 
ionizable analytes from the liquid phase to the gas phase, and it allows the analyses 
of high molecular-mass molecules by inducing formation of multiple charges 
(reduced m/z values). The development of CE-ESI-MS interfaces has mirrored the 
established LC-ESI-MS couplings. However, the reduced CE flow and the CE elec-
tric circuit (which must be closed at the CE capillary outlet or at the MS entrance) 
had to be regarded.

There are three main configurations for coupling CE to MS: coaxial sheath liquid 
interface, liquid junction interface, and sheathless interface. The formers are also 
called microspray interfaces while the latter is referred as nanospray interface [55, 
152–155]. Some of the modern interface couplings used in CE-MS technology are 
schematically represented in Fig. 5.2.

The coaxial sheath liquid interface has gained great acceptance in CE-MS 
applications because it promotes a good spray stability, resulting in great robust-
ness (Fig. 5.2a, b). Basically, the CE capillary outlet is introduced into a concen-
tric tube where a sheath liquid (SHL) is pumped at nano- to microliter min−1 
range. A third concentric tube may be introduced in order to conduct a nebulizer 
gas, assisting in the spray formation. One main drawback of sheath liquid inter-
faces is that the electrophoretic effluent (typical flow rate between 10 and 
300 μL min−1) is mixed to the SHL (typically 1–10 μL min−1) at the capillary end, 
leading to sample dilution and consequent reduced detection sensitivity (one to 
two orders of magnitude decrease, depending on the BGE pH). Optimization of 
BGE composition as well as SHL flow and composition must therefore be care-
fully investigated in order to improve the ESI process and overall system detect-
ability [55]. Nevertheless, the selection of both BGE and SHL is restricted to 
volatile or semi-volatile compounds, and routinely used salts in CE separations, 
such as borate and phosphate, must be avoided. Mixtures of organic solvents – 
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such as acetonitrile, methanol, and isopropanol – water, and weak acids or bases 
solutions (for positive and negative ESI, respectively) are generally considered 
for SHL [156]. Evaluation of the stability of CE-ESI-MS methods with sheath 
liquid interface may be derived from inter- and intraday precision measurements, 

a b

c

d

Fig. 5.2  Modern interfaces for CE-MS: coaxial sheath liquid (a, b) and sheathless (c, d) designs. 
Legends: (a) pictorial representation of Agilent coaxial sheath liquid CE-MS interface, (a) nebuliz-
ing gas, (b) sheath liquid, (c) CE capillary with BGE, (d) stainless steel spray needle with 0.4 mm 
i.d. and 0.5  mm o.d., (e) outer tube, and (f) ground connection; (b) engineering sketch of the 
coaxial sheath liquid CE-MS interface (graphics courtesy from Agilent Technologies) (reprinted 
with permission from Ref. [55]); (c) pictorial representation of Sciex sheathless CE-MS interface, 
(a) CE capillary inlet, (b) static conductive liquid capillary, and (c) sprayer porous tip; (d) engi-
neering sketch of the CESI interface and cartridge (Photos are provided courtesy of AB Sciex Pte. 
Ltd. Operating as Sciex)
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where the variation of peak areas of analytical standards spiked in body fluids is 
considered [157].

The sheath liquid interface position may be linear or orthogonal to the MS sys-
tem. The main advantage offered by the latter geometry is that contamination or 
clogging of the MS inlet is less prone to occur and the choice of BGE composition 
is less critical, allowing the use of less volatile salts. Moreover, since the ESI volt-
age is applied at the MS entrance, charged species from the CE system are directed 
to the MS by electrostatic interaction, leading to higher detectability than in linear 
interfaces [158]. In fact, this is the most suitable and robust way to isolate the CE 
and the ESI electrical circuits.

The liquid junction interface is also based on a system supported by a sheath 
liquid [159]. However, mixing of BGE and SHL occurs far from the MS entrance, 
within a reservoir. Actually, the CE capillary ends inside this reservoir, and, in the 
opposite side, an electrospray needle is positioned within a distance ranging from 
10 to 25 μm. With this geometry, the CE and the ESI electrical circuits operate indi-
vidually, and the BGE selection may be performed independently of the MS restric-
tions. In addition, replacement of the ESI needle may be easily accomplished and 
does not affect the CE capillary. However, there are three main disadvantages that 
cause the scarce application of this interface: (i) the right alignment between the CE 
capillary and the ESI needle is laborious, (ii) the dead volume within the reservoir 
leads to band broadening (with consequent loss of separation efficiency), and finally, 
(iii) bubble formation on the CE capillary outlet often occurs, due to electrolysis 
reactions, resulting in current drop.

A recent variation of sheath liquid interfaces has been proposed by Chen and 
collaborators, named flow-through micro-vial interface [160]. The main character-
istic of this interface is that the electrical circuits and flow rate requirements of the 
separation and ionization processes are decoupled. The authors have used a stain-
less steel hollow needle with optimized geometry to surround the CE capillary end. 
Therefore, the inner side of the needle works as the CE outlet vial, while the outer 
side is used as the ESI emitter. The CE capillary end is inserted into the needle until 
its outer diameter meets the dimension of the inner side of the needle. Both needle 
and CE capillary are connected to a tee union, where a second capillary is orthogo-
nally attached in order to deliver the SHL into the needle. Typical flow rates of the 
SHL are as low as 0.1 mL min−1, which reduces considerably the dilution of the CE 
effluent at the capillary end, when compared to regular sheath liquid interfaces, 
improving sensitivity. Another characteristic of the proposed interface is the 
possibility of using capillaries with any type of surface modification (such as 
neutral-coated capillaries for protein analysis, for instance) or even no pretreatment. 
The performance of the flow-through micro-vial interface comparatively to the con-
ventional sheath liquid interface was evaluated by Lindenburg et al. in the profiling 
of cationic metabolite standards, exhibiting a fivefold improvement in terms of 
detection limits [133].

Sheathless interfaces transfer directly the CE effluent into the MS system, avoid-
ing sample dilution and, consequently, present the best detectability among the 
CE-MS interfaces [161]. The main requirement of such interface is to close the CE 
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electrical circuit at the capillary end and simultaneously to afford electrical poten-
tial to the ESI. Considering that coaxial sheath flow interfaces have been developed 
after LC-MS interfaces, the possibility to develop an interface exclusively used in 
CE-MS coupling has arisen the interest of many research groups. For this reason, 
the literature reports several different ways to couple CE to MS by a sheathless 
interface focusing on creating a distinct ESI electrical contact. Application of a 
conductive coating to the emitter tip, joining a conductive emitter tip to the CE cap-
illary, insertion of a wire into the CE capillary end, and positioning a metal sleeve 
around a porous etched CE capillary wall are among the many propositions [162, 
163]. Although sheathless interfaces present better detectability due to the absence 
of a sheath liquid, allow closer positioning of the CE capillary to the MS (increasing 
the effective analyte mass transfer), and exhibit improved ionization and droplet 
desolvation, it still poses some limitations. The disadvantages of sheathless CE-MS 
interfaces comprise: (i) The absence of commercially available apparatus (except 
for the recently launched interface based on the work of Moini, discussed below). 
(ii) EOF variation. (iii) Low robustness. (iv) Limited lifetime of the emitter tip. (v) 
Limited BGE composition selection, which must comprise volatile compounds, 
since the CE effluent is directly inserted into the MS system. Therefore, routine 
analysis with sheathless interfaces may be jeopardized because of the constant need 
for emitter tip substitution. In addition, low system repeatability is generally 
observed.

In 2007, Moini has shown for the first time a robust sheathless CE-MS interface, 
commercialized some years afterward by Sciex [164]. Nowadays, this is still the 
only sheathless interface that is commercialized with a CE-MS equipment. In 
Moini’s design, the CE capillary tip has been etched with a 49 % HF solution (after 
removing the polyimide external coating) to obtain a porous tip to be inserted into 
the ESI needle, filled with BGE (Fig. 5.2c, d). The porous junction is necessary to 
allow ion transport for closing the CE electrical circuit and concomitantly to supply 
the ESI voltage. This interface has overcome the limitations imposed by the previ-
ously reported sheathless interfaces in many aspects: (i) Its fabrication is reproduc-
ible and automated. (ii) A single-step etching process makes the capillary tip porous 
and with a smaller outer diameter – the inner wall is preserved during fabrication by 
flowing nitrogen gas. (iii) Any tip disruption may be easily fixed by removing a 
small section of the capillary. (iv) Eventual electrolysis reactions occur outside the 
CE capillary, avoiding bubble formation, which would harm CE separation due to 
current interruption. Ramautar et al. have explored this interface configuration for 
profiling human urine metabolites [117].

A comparison of the performance of CE-ESI-MS sheath liquid and sheathless 
interfaces in terms of detectability for the analysis of intact proteins has been reported 
by Haselberg et al. [165]. Capillaries with a porous tip were inserted into a stainless 
steel needle filled with static conductive liquid and installed in a conventional ESI 
source. The same porous tip capillaries were used in a sheath liquid interface with 
isopropanol as SHL, resulting in fairly similar responses in terms of protein signals. 
However, limits of detection obtained with the sheath liquid interface were substan-
tially higher than those obtained with the sheathless interface (from 82 to 136 times 
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higher), due to increased baseline noise levels in the former. Detection limits were 
overall improved by a factor of 6.5–20 with sheathless CE-MS.

5.2.3  �CE-MS Methodologies for Metabolomics

CE-MS metabolomics studies are often conducted under electrospray ionization 
(ESI) with triple coaxial sheath flow interfaces and time-of-flight (TOF) mass ana-
lyzers [33–56]. Due to simplicity, CZE is the preferred CE mode in metabolomics, 
generating robust methods. Unlike LC-MS, the mobile phase or more precisely the 
BGE composition changes according to the selected ionization mode. The addition 
of low percentages of organic solvents to volatile BGEs is often sought to improve 
resolution. Baseline separation of leucine/isoleucine/allo-isoleucine isomers in 
methanol-modified formic acid BGE is a landmark [138, 145]. In addition, a sheath 
liquid that may be of distinct composition for each ionization mode is used to pro-
mote and/or enhance ionization at the ion source. Small cationic and anionic charged 
species are the expected metabolite targets visualized by CE separations. In CE-MS 
with positive ionization mode ([M]+, [M + H]+, [M-H2O + H]+, [M + Na]+, etc.; M 
stands for molecule), it is possible to inspect amino acids, biogenic amines, and 
nucleosides, whereas the negative ionization mode ([M-H]−, [M + HCOO]−, 
[2  M + Na-2H]−, etc.) reveals carboxylic acids, phosphorylated carboxylic acids, 
phosphorylated saccharides, nucleotides, nicotinamide and flavin adenine coen-
zymes, as well as citrate isomers, dinucleotides, and CoA compounds [125].

A schematic representation of the overall possibilities CE-MS offers for the anal-
ysis of cationic and anionic metabolites is depicted in Fig. 5.3. Typically, cationic 
metabolites are screened in uncoated fused-silica capillaries with low pH volatile 
electrolytes, such as formic acid or acetic acid, generating a small but normal elec-
troosmotic flow (EOF, flow toward the cathode due to little ionization of the capil-
lary wall silanol groups). The CE system is operated under positive high voltage, 
applied at the capillary inlet, and it is connected to the MS via ESI in positive ion-
ization mode (Fig. 5.3a). Anionic metabolites may also be screened in this format; 
however, high pH volatile electrolytes, such as ammonia/ammonium salt buffers 
(ammonium formate, acetate, or carbonate being the most commonly used), are 
mandatory to generate an EOF high enough to conduct the compounds which passed 
the interface toward the MS entrance. Nevertheless, since a positive voltage is 
applied at the capillary inlet, the anions will migrate counter-electroosmotically. 
Moreover, the ESI voltage needs to be set appropriately (negative ionization mode). 
This approach is not preferential for anionic metabolite analysis because by setting 
the migration of anions against EOF, long analytical runs are imposed and migra-
tion time repeatability might be compromised, which is already a concern in CE 
separations in bare fused-silica capillaries.

A more elegant solution for the CE-MS analysis of anionic metabolites is reached 
with the use of coated capillaries and high pH electrolytes (Fig. 5.3b, c). The CE 
system is now operated under a negative high voltage, applied at the capillary inlet, 
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and it is connected to the MS via ESI in negative ionization mode. Either a cationic 
polymer coating (Fig. 5.3b) to reverse EOF (flow directed toward the anode) or a 
neutral coating (Fig. 5.3c) to eliminate EOF can be chosen. In the former, the nega-
tive species electrophoretic velocity and the electroosmotic flow velocity are in the 
same direction (toward the anode or positive pole), resulting in additionally faster 
separations. In the latter, since EOF is eliminated, a pressure-driven flow is usually 
implemented to prevent that sheath liquid components enter the separation 
capillary.

With these simple approaches, Soga and collaborators introduced untargeted 
metabolomics of biological cells using CE-MS platforms for the first time [125, 
127]. By using all schemes of Fig. 5.3, a thorough evaluation of the metabolome of 
Bacillus subtilis cells upon the onset of sporulation was pursued. For the cationic 
metabolites screening, a BGE composed of 1 mol L−1 formic acid and a SHL com-
prised of 5 mmol L−1 ammonium acetate in 50 % methanol/water were used. Sets of 
30 protonated [M + H]+ ions were analyzed successively by SIM mode to cover the 
entire range of m/z from 70 to 1027 (Fig. 5.4). Anionic metabolites were screened 
in a BGE composed of 50 mmol L−1 ammonium acetate at pH 8.5 with a SHL com-
prised of 5  mmol  L−1 ammonium acetate in 50 % methanol/water in a cationic 
polymer-coated capillary, SMILE(+). Nucleotides and coenzyme A compounds 

a

b

c

Fig. 5.3  CE-MS methodologies for untargeted metabolomics of cationic metabolites (a) and 
anionic metabolites using cationic polymer-coated capillaries (b) and neutral capillaries (c)
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were screened in a GC-coated capillary (polydimethylsiloxane, DB-1) in a slightly 
lower pH BGE, 50 mmol L−1 ammonium acetate at pH 7.5, with the same SHL. To 
prevent entrance of the SHL into the separation channel, a pressure of 50 mbar was 
applied to the capillary inlet promoting a flow of solution toward the anode. Exactly 

Fig. 5.4  Selected ion electropherograms for cationic metabolites of Bacillus subtilis in the range of m/
z101–150. The numbers in the upper left corner of each trace are the abundances associated with the 
tallest peak in the electropherogram, for each m/z, and the numbers on top of peaks are relative migra-
tion times normalized with methionine sulfone (IS) (Reprinted with permission from Ref. [127])
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1692 metabolites were catalogued, 150 were positively identified, and 83 were 
assigned based on the expected charge state and isotopic distribution. Later on, 
Soga and col. advocated the use of platinum ESI spray needle to replace stainless 
steel spray needles in the analysis of anionic metabolites [122]. It was observed that 
stainless steel was prone to oxidation and corrosion at the anodic electrode due to 
electrolysis; the resulting precipitation of iron oxides plugged the capillary outlet. 
Moreover, eventual complexation of anionic metabolites with iron and nickel ions 
generated by corrosion would reduce significantly detection sensitivity because the 
formed complexes are positively charged and move backward to the cathode 
(capillary inlet).

Within the context of CE-MS methodologies for metabolomics, a few parame-
ters of interest will be examined. Because metabolomics studies are comparative in 
nature, they demand high-precision measurements. Migration time repeatability, 
essential in untargeted metabolomics studies, and/or peak area repeatability, crucial 
in targeted metabolomics quantitation studies, must be addressed properly. It is well 
accepted that migration time variability is a consequence of EOF variability, which 
in turn is related to the capillary inner surface state and integrity. Thus, adsorption 
of solutes to the capillary wall and/or any sort of adverse solute-wall interactions, 
electrolyte components-wall interactions, etc. will compromise the EOF magnitude 
and consequently affect migration time repeatability. Many authors have addressed 
this issue by using covalently coated capillaries, such as the work of Soga and col. 
referred above [122, 125, 127]. De Jong and collaborators have proposed to modify 
the capillary walls dynamically with charged polymers [166]. Bilayers constituted 
of polybrene (PB) and poly(vinyl sulfonate) (PVS) or triple layers constituted of 
PB, dextran sulfate (DS), and PB have been extensively investigated to the meta-
bolic profiling of biofluids [113, 114, 144]. Overall, covalently bound polymers are 
still preferred in metabolomics studies due to stability and durability. Moreover, any 
leakage of polymer during CE operation cannot be tolerated, especially if it results 
in contamination of the mass analyzer.

Full coverage of metabolites by any hyphenated technique to MS demands the 
use of both positive and negative ionization modes. It is worth mentioning that a 
large fraction of metabolites in biological fluids is acidic in nature and can only be 
ionized efficiently using negative ionization. However, signal-to-noise ratios in 
negative ionization mode are often low by two to three orders of magnitude when 
compared to positive ionization, thereby limiting sensitivity in metabolomics 
applications [112]. Reduced MS signals for anions have been attributed to analyte 
ionization suppression by the presence of acetate ions in the BGE and/or SHL 
[114, 167]. To circumvent this loss of sensitivity, the transformation of anionic 
metabolites into cationic compounds by derivatization or complexation has been 
proposed, allowing positive ionization mode to be applied [167, 168]. With these 
methodologies, sensitivity indeed improved for anionic compounds, and more 
favorable detection limits were achieved. However, derivatization procedures 
increase sample pretreatment complexity, and losses of metabolites can occur due 
to incomplete derivatization. Furthermore, not every anionic compound can be 
derivatized efficiently. Therefore, a great deal of development is still necessary for 
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the CE-MS analysis of the metabolome in negative ionization mode, despite the 
efforts toward the testing of new BGE additives [112].

Still regarding ionization modes, an alternative strategy to simplify procedures 
during data acquisition in CE-MS metabolomics has been proposed by Gulersonmez 
et al. [132]. A single BGE at an intermediary pH is used for both positive and nega-
tive ionization modes, e.g., pH 3.0 acetic acid. This pH is low enough to protonate 
most of the metabolites exhibiting basic moieties (biogenic amines, amino acids, 
etc.) generating cationic compounds, and at the same time, it is high enough to pro-
mote partial dissociation of those metabolites with acidic moieties (carboxylic 
acids, nucleotides, etc.) generating anionic compounds. Therefore, the same BGE is 
used to screen both cationic and anionic portions of the metabolome, in consecutive 
runs (TOF mass analyzers), by a simple switch of the ESI voltage.

Analytical frequency is another parameter of concern in metabolomics studies, 
since runs are usually long to ensure that a large variety of metabolites of differing 
properties is inspected. Multiple sequential injections of samples (volumetric trans-
fer of sample to the separation capillary by applying pressure at capillary inlet), 
intercalated by injections of BGE zones, before the high voltage has been set, are a 
classical CE strategy to improve analytical frequency, and it has been implemented 
advantageously in CE-MS metabolomics by Britz-McKibbin and collaborators 
[140]. The authors developed a multi-segment injection (MSI) as a multiplexed 
CE-MS platform in which a serial injection of seven or more discrete human plasma 
sample segments could be performed within a single capillary without compromis-
ing the separation quality and/or quantitative performance. The overall MSI scheme 
is depicted in Fig. 5.5 and increased sample throughput by one order of magnitude. 
By using a seven-segment sample injection for single-step acquisition, building of 
external and processed analytical curves for quantitation of polar metabolites and 
isomers in plasma, with acceptable accuracy and precision, use and/or selection of 
internal standards, running recovery tests samples, identification strategies via pat-
tern recognition, etc., have all been successfully demonstrated.

5.3  �Representative Applications of CE-MS in Clinical 
Metabolomics

Capillary electrophoresis as an analytical platform to assess metabolites in biological 
samples has been used for decades. The work of Jellum and collaborators in the profil-
ing of organic acids in biofluids, using UV detectors to screen metabolic diseases, 
may be referred as the first CE-based clinical metabolomics [169–171]. By the same 
token, the work of Barbas and collaborators, who investigated metabolic disorders, 
known as inborn errors of metabolism, by screening short-chain carboxylic acids in 
human urine, is another innovatory example of the diagnostic power of CE technology 
[172, 173]. The pioneerism of global metabolic fingerprinting or untargeted metabo-
lomics using CE-MS platforms has been attributed unequivocally to Soga’s research 
group [125, 127], as described previously in this chapter and summarized by the 
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group reviews [36, 174]. At this point, it is worth mentioning the important contribu-
tion of Mishak’s research group, who has established the reliability of CE-MS plat-
forms for the initial diagnosis and prognosis of the progression of numerous diseases 
via biomarker discovery by mapping endogenous peptides in human urine [175, 176].

Table 5.1 compiles many examples of CE-MS in clinical metabolomics organized 
by studied condition or disease, biological matrix, metabolomics approach, and type 
of metabolites screened (targeted metabolomics) or revealed (untargeted metabolo-
mics). A few details of the analytical methods, such as BGE and/or SHL composi-
tion, type of mass analyzer, sample preparation procedures, algorithm and/or software 
used in data treatment, and finally whether the study was exclusively conducted by 
CE-MS or data was acquired in a multiplatform setup, were also provided.

Table 5.1 was meant to present a comprehensive revision of the literature in the 
period from 2001 to 2016. Based on the relatively small number of applications 
Table 5.1 brings, associated with an even smaller number of groups researching in the 
field, it is fair to conclude that CE-MS in the clinical metabolomics scenario has still 
much room for growth. A possible explanation for the rather limited use of CE-MS 
technology in this field might be related to the fact that CE-MS is still considered a 
novelty compared to other much more established techniques, such as GC-MS, 
LC-MS, and NMR, and there is a certain resistance to consider its use in metabolo-
mics. Issues such as migration time variability, sample loadability and throughput, 
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Fig. 5.5  Multiplexed separation based on serial injection of seven discrete sample segments 
within a single capillary by MSI-CE-MS (a), where (b) ions migrate as a series of zones in free 
solution prior to ionization. This format enables reliable quantification of polar metabolites and 
their isomers in different samples since ionization occurs within a short time interval (≈2–6 min) 
under steady-state conditions when using a high mass resolution TOF-MS (c) (Reprinted with 
permission from Ref. [140])
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low concentration sensitivity, etc. are still of concern by many metabolomics leading 
groups, despite the relevant advancements made over decades to overcome CE-MS 
technical and methodological difficulties, as thoroughly discussed in this chapter. 
Another relevant aspect that might hinder the use of CE-MS in clinical metabolomics 
studies is the lack of standardized operating protocols. As Table 5.1 contents sustain, 
each research group develops and implements its own method, with small but tangible 
variations of capillary coatings, dimensions and conditioning, BGE and/or SHL com-
position, as well as MS type and parameters. There is no convergence toward a single 
optimized strategy to perform untargeted metabolomics studies, for instance, or a 
complete detailed protocol for metabolomics, as it is the case for GC-MS-, LC-MS-, 
and NMR-based metabolomics. Such protocol would boost sales of CE-MS instru-
mentation, allowing the creation of an universal database for metabolite identification, 
and stimulate applications in clinical metabolomics, among other areas.

Metabolomics studies follow a general workflow, comprising problem formulation, 
experimental design, sample preparation, data acquisition and processing, statistical 
analysis, metabolite identification, association to metabolic pathways, and biological 
validation. All these steps were critically discussed in Chap. 1. Notably, a large number 
of applications compiled in Table 5.1 were conducted under the premise of untargeted 
clinical metabolomics, i.e., to improve the knowledge on the onset and progression of 
a given disease at metabolic level and to search discriminant metabolites that could be 
used further on for diagnosis and/or prognosis purposes. Furthermore, most of the 
reported CE-MS methods in Table 5.1 were conducted with high-resolution mass spec-
trometers using sheath liquid interfaces (available commercially much longer than 
sheathless interfaces), using low pH BGE and aqueous methanolic SHL. Untargeted 
metabolomics studies comprise simpler sample treatments, involving protein precipita-
tion, followed by filtration and dilution. Sample procedures for targeted metabolomics 
are of course dependent on the identity of the metabolites under investigation. Overall 
sample preparation strategies for metabolomics and their impact on results have been 
revised by many authors [42, 106, 177, 178]. Quality control samples (QC), pool of all 
control and test samples under consideration in a given study, have often been consid-
ered to attest platform stability during data acquisition. Method validation concepts for 
untargeted metabolomics have also been reviewed [157].

Another feature of Table 5.1 is that data preprocessing often relies on in-house 
developed algorithms or free access softwares with PCA, PLS-DA, and OPLS-DA 
being the preferred multivariate data analysis. Peak alignment in such algorithms is 
usually of great importance because it deals with the intrinsic migration time vari-
ability of CE-MS data and it has long been a topic of investigation [179–182]. A 
great challenge in metabolomics studies in general is metabolite identification. In 
CE-MS platforms, several authors have demonstrated strategies of peak identifica-
tion using mobility in conjunction with accurate m/z values [183–185]. Finally, 
analytical multiplatform studies in Table 5.1 are rare.

An illustration of the contents of Table 5.1, discriminating conditions and diseases 
studied so far by CE-MS under the metabolomics perspective, is depicted in Fig. 5.6a. 
It is readily observed that several types of cancer received a great deal of attention by 
the scientific community. Fig. 5.6b shows the temporal evolution of publications in 
the field denoting the growing interest CE-MS has drawn in the last decades.

K.T. Rodrigues et al.

http://dx.doi.org/10.1007/978-3-319-47656-8_1


131

a

b

Fig. 5.6  CE-MS in clinical metabolomics. Literature publications compiled in Table  5.1 were 
organized by type of condition and/or disease (a) and temporal progression of articles (b). Legends: 
ACS acute coronary syndrome, AD Alzheimer’s disease, CKD chronic kidney disease, CRPS com-
plex regional pain syndrome, MSc multiple sclerosis, PKD polycystic kidney disease, VUR vesico-
ureteral reflux, UTI urinary tract infection

5  Strategies Involving Mass Spectrometry Combined with Capillary Electrophoresis



132

5.4  �Conclusions and Perspectives

From its inception in the late 1980s, CE-MS has matured into a resourceful tech-
nique that encompasses the analysis of compounds from many different chemical 
classes, especially those with ionic and/or highly polar character that constitute an 
important subset of the human metabolome. Relevant features of CE, such as high 
efficiency and resolution power, fast analysis time, multiple separation modes, use 
of aqueous-based electrolytes, compatibility with biofluids, small sample volume, 
etc. were combined with the remarkable detection sensitivity, extra selectivity, and 
spectral information provided by MS technologies. Several technical difficulties 
related to early CE-MS interface designs and platform stability issues have been 
tackled and improved considerably, especially in the last decade that was testimony 
to the commercial launching of complete CE-MS systems. Intrinsic aspects related 
to the technique performance have also been addressed properly, allowing CE-MS 
to grow into a robust technology for metabolomics.

Despite the clear adequacy of CE-MS for clinical metabolomics and the techni-
cal improvements evidenced over the years, the field is still underrepresented when 
compared to the contribution of other well-established NMR and chromatography-
based platforms, showing a rather limited number of research leading groups 
actively working in the area. Implementation of analytical multiplatform approaches, 
necessary to establish a more comprehensive coverage of the metabolome, analysis 
of larger clinical cohorts, expansion of the applicability to key diseases and condi-
tions, and setting up interlaboratorial validation studies are a few strategies that 
should boost the use of CE-MS in clinical metabolomics and build user confidence 
in the technology.

Acknowledgments  The authors wish to acknowledge the Fundação de Amparo à Pesquisa do 
Estado de São Paulo (FAPESP), the Coordenação de Aperfeiçoamento de Pessoal de Nível Superior 
(CAPES), and the Conselho Nacional de Desenvolvimento Científico e Tecnológico (CNPq) of Brazil 
for financial support (FAPESP 12/07361-6) and fellowships (FAPESP 2012/09222-0; CNPq 
306739/2014-3).

References

	1.	 Nicholson JK, Lindon JC, Holmes E. ‘Metabonomics’: understanding the metabolic responses 
of living systems to pathophysiological stimuli via multivariate statistical analysis of biological 
NMR spectroscopic data. Xenobiotica. 1999;29:1181–9.

	2.	 Fiehn O.  Metabolomics  – the link between genotypes and phenotypes. Plant Mol Biol. 
2002;48:155–71.

	3.	 Goodacre R, Vaidyanathan S, Dunn WB, Harrigan GG, Kell DB. Metabolomics by numbers: 
acquiring and understanding global metabolite data. Trends Biochem. 2004;22:245–52.

	4.	 Patti GJ, Yanes O, Siuzdak G. Metabolomics: the apogee of the omics trilogy. Nature Rev. 
2012;13:263–9.

	5.	 Ramautar R, Berger R, van der Greef J, Hankmeier T.  Human metabolomics: strategies to 
understand biology. Curr Op Chem Biol. 2013;17:841–6.

K.T. Rodrigues et al.



133

	 6.	Misra BB, van der Hooft JJJ.  Updates in metabolomics tools and resources: 2014–2015. 
Electrophoresis. 2016;37:86–110.

	 7.	Lenz EM, Wilson ID.  Analytical strategies in metabonomics. J  Proteome Res. 
2007;6:443–58.

	 8.	Dona AC, Jiménez B, Schäfer H, Humpfer E, Spraul M, Lewis MR, Pearce JTM, Holmes E, 
Lindon JC, Nicholson JK.  Precision high-throughput proton NMR spectroscopy of human 
urine, serum, and plasma for large-scale metabolic phenotyping. Anal Chem. 
2014;86:9887–94.

	 9.	Lu E, Bennett BD, Rabinowitz JD. Analytical strategies for LC-MS-based targeted metabolo-
mics. J Chromatogr B. 2008;871:236–42.

	10.	Theodoridis G, Gika HG, Wilson ID. LC-MS-based methodology for global metabolite profil-
ing in metabonomics/metabolomics. Trends Anal Chem. 2008;27:251–60.

	11.	Xiayan L, Legido-Quigley C.  Advances in separation science applied to metabonomics. 
Electrophoresis. 2008;29:3724–36.

	12.	 Issaq HJ, Abbott E, Veenstra TD. Utility of separation science in metabolomic studies. J Sep 
Sci. 2008;31:1936–47.

	13.	Roux A, Lison D, Junot C, Heilier J-F. Applications of liquid chromatography coupled to mass 
spectrometry-based metabolomics in clinical chemistry and toxicology: a review. Clin 
Biochem. 2011;44:119–35.

	14.	Kuehnbaum NL, Britz-McKibbin P. New advances in separation science for metabolomics: 
resolving chemical diversity in a post-genomic era. Chem Rev. 2013;113:2437–68.

	15.	Putri SP, Nakayama Y, Matsuda F, Uchikata T, Kobayashi S, Matsubara A, Fukusaki E. Current 
metabolomics: practical applications. J Biosci Bioeng. 2013;115:579–89.

	16.	Sheth BP, Thaker VS.  Plant systems biology: insights, advances and challenges. Planta. 
2014;240:33–54.

	17.	Simó C, Ibáñez C, Valdés A, Cifuentes A, García-Cañas V. Metabolomics of genetically modi-
fied crops. Int J Mol Sci. 2014;15:18941–66.

	18.	Jones DP, Park Y, Ziegler TR. Nutritional metabolomics progress in addressing complexity in 
diet and health. Annu Rev Nutr. 2012;32:183–202.

	19.	Astarita G, Langridge J.  An emerging role for metabolomics in nutrition. J  Nutrigenet 
Nutrigenomics. 2013;6:179–98.

	20.	Scalbert A, Brennan L, Manach C, Andres-Lacueva C, Dragsted LO, Draper J, Rappaport SM, 
van der Hooft JJJ, Wishart DS. The food metabolome: a window over dietary exposure. Am 
J Clin Nutr. 2014;99:1286–308.

	21.	Monte AA, Brocker C, Nebert DW, Gonzalez FJ, Thompson DC, Vasiliou V. Improved drug 
therapy: triangulating phenomics with genomics and metabolomics. Hum Genomics. 
2014;8:16.

	22.	Reaves ML, Rabinowitz JD.  Metabolomics in systems microbiology. Curr Op Biotech. 
2011;22:17–25.

	23.	Mamas M, Dunn WB, Neyses L, Goodacre R. The role of metabolites and metabolomics in 
clinically applicable biomarkers of disease. Arch Toxicol. 2011;85:5–17.

	24.	Dessì A, Marincola FC, Masili A, Gazzolo D, Fanos V. Clinical metabolomics and nutrition: 
the new frontier in neonatology and pediatrics. BioMed Res Int. 2014;id981219.

	25.	Xu Y-J, Wang C, Ho WE, Ong CN. Recent developments and applications of metabolomics in 
microbiological investigations. Trends Anal Chem. 2014;56:37–48.

	26.	Mastrangelo A, Armitage EG, García A, Barbas C. Metabolomics as a tool for drug Discovery 
and personalised medicine. A review. Curr Top Med Chem. 2014;14:1617–36.

	27.	Garcia A, Barbas C. Gas chromatography-mass spectrometry (GC-MS)-based metabolomics. 
In: Metz TO, editor. Metabolic profiling. Methods in molecular biology 708. Springer, Totowa, 
NJ; 2011.

	28.	Kind T, Fiehn O. Advances in structure elucidation of small molecules using mass spectrom-
etry. Bioanal Rev. 2010;2:23–60.

	29.	Lewis MR, Pearce JT, Spagou K, Green M, Dona AC, Yuen AH, David M, Berry DJ, Chappell 
K, Horneffer-van der Sluis V, Shaw R, Lovestone S, Elliott P, Shockcor JP, Lindon JC, Cloarec 
O, Takats Z, Holmes E, Nicholson JK. Development and application of UPLC-ToF MS for 

5  Strategies Involving Mass Spectrometry Combined with Capillary Electrophoresis



134

precision large scale urinary metabolic phenotyping. Anal Chem. 2016. doi:10.1021/acs.
analchem.6b01481.

	30.	Jackson F, Georgakopoulou N, Kaluarachchi MR, Kyriakides M, Andreas NJ, Przysiezna N, 
Hyde MJ, Modi N, Nicholson JK, Wijeyesekera A, Holmes E. Development of a pipeline for 
exploratory metabolic profiling of infant urine. J  Proteome Res. 2016. doi:10.1021/acs.
jproteome.6b00234.

	31.	Psychogios N, Hau DD, Peng J, Guo AC, Mandal R, Bouatra S, Sinelnikov I, Krishnamurthy 
R, Eisner R, Gautam B, Young N, Xia J, Knox C, Dong E, Huang P, Hollander Z, Pedersen TL, 
Smith SR, Bamforth F, Greiner R, McManus B, Newman JW, Goodfriend T, Wishart DS. The 
human serum metabolome. PLoS One. 2011;6:e16957. doi:10.1371/journal.pone.0016957.

	32.	Bouatra S, Aziat F, Mandal R, Guo AC, Wilson MR, Knox C, Bjorndahl TC, Krishnamurthy 
R, Saleem F, Liu P, Dame ZT, Poelzer J, Huynh J, Yallou FS, Psychogios N, Dong E, Bogumil 
R, Roehring C, Wishart DS.  The human urine metabolome. PLoS One. 2013;8:e73076. 
doi:10.1371/journal.pone.0073076.

	33.	Huck CW, Bakry R, Bonn GK. Progress in capillary electrophoresis of biomarkers and metab-
olites between 2002 and 2005. Electrophoresis. 2006;27:111–25.

	34.	Ramautar R, Demirci A, de Jong GJ. Capillary electrophoresis in metabolomics. Trends Anal 
Chem. 2006;25:455–66.

	35.	Suresh Babu CV, Song EJ, Babar SME, Wi MH, Yoo YS.  Capillary electrophoresis at the 
omics level: towards systems biology. Electrophoresis. 2006;27:97–110.

	36.	Monton MRN, Soga T. Metabolome analysis by capillary electrophoresis-mass spectrometry. 
J Chromatogr A. 2007;1168:237–46.

	37.	Song EJ, Babar SM, Oh E, Hasan MN, Hong HM, Yoo YS. CE at the omics level: towards 
systems biology – an update. Electrophoresis. 2008;29:129–42.

	38.	García-Pérez I, Vallejo M, García A, Legido-Quigley C, Barbas C. Metabolic fingerprinting 
with capillary electrophoresis. J Chromatogr A. 2008;1204:130–9.

	39.	 Issaq HJ, Blonder J. Electrophoresis and liquid chromatography/tandem mass spectrometry in 
disease biomarker discovery. J Chromatogr B. 2009;877:1222–8.

	40.	Raumatar R, Somsen GW, de Jong GJ.  CE-MS in metabolomics. Electrophoresis. 
2009;30:276–91.

	41.	Oh E, Hasan MN, Jamshed M, Park SH, Hong HM, Song EJ, Yoo YS. Growing trend of CE at 
the omics level: the frontier of systems biology. Electrophoresis. 2010;31:74–92.

	42.	Barbas C, Moraes EP, Villasenora A. Capillary electrophoresis as a metabolomics tool for non-
targeted fingerprinting of biological samples. J Pharm Biom Anal. 2011;55:823–31.

	43.	Ramautar R, Mayboroda OA, Somsen GW, de Jong GJ. CE-MS for metabolomics: develop-
ments and applications in the period 2008–2010. Electrophoresis. 2011;32:52–65.

	44.	Ban E, Park SH, Kang M-J, Yoo YS. Growing trend of CE at the omics level: the frontier of 
systems biology – an update. Electrophoresis. 2012;33:2–13.

	45.	Wang X, Li K, Adams E, Schepdael AV.  Capillary electrophoresis–mass spectrometry in 
metabolomics: the potential for driving drug discovery and development. Curr Drug Metab. 
2013;14:807–13.

	46.	Kok MGM, Somsen GW, de Jong GJ. The role of capillary electrophoresis in metabolic profil-
ing studies employing multiple analytical techniques. Trends Anal Chem. 2014;61:223–35.

	47.	Hirayama A, Wakayama M, Soga T. Metabolome analysis based on capillary electrophoresis-
mass spectrometry. Trends Anal Chem. 2014;61:215–22.

	48.	Robledo VR, Smyth WF. Review of the CE-MS platform as a powerful alternative to con-
ventional couplings in bio-omics and target-based applications. Electrophoresis. 
2014;35:2292–308.

	49.	Zhong X, Zhang Z, Jiang S, Li L. Recent advances in coupling capillary electrophoresis-based 
separation techniques to ESI and MALDI-MS. Electrophoresis. 2014;35:1214–25.

	50.	Poinsot V, Ong-Meang V, Gavard P, Couderc F. Recent advances in amino acid analysis by 
capillary electromigration methods, 2011-2013. Electrophoresis. 2014;35:50–68.

	51.	Naz S, dos Santos DCM, García A, Barbas C. Analytical protocols based on LC-MS, GC-MS 
and CE-MS for nontargeted metabolomics of biological tissues. Bioanalysis. 2014;6:1657–77.

K.T. Rodrigues et al.

http://dx.doi.org/10.1021/acs.analchem.6b01481
http://dx.doi.org/10.1021/acs.analchem.6b01481
http://dx.doi.org/10.1021/acs.jproteome.6b00234
http://dx.doi.org/10.1021/acs.jproteome.6b00234
http://dx.doi.org/10.1371/journal.pone.0016957
http://dx.doi.org/10.1371/journal.pone.0073076


135

	52.	Buzatto AZ, de Sousa AC, Guedes SF, Cieslarová Z, Simionato AV. Metabolomic investigation of 
human diseases biomarkers by CE and LC coupled to MS. Electrophoresis. 2014;35:1285–307.

	53.	Ramautar R, de Jong GJ.  Recent developments in liquid-phase separation techniques for 
metabolomics. Bioanalysis. 2014;6:1011–26.

	54.	Ramautar R, Somsen GW, de Jong GJ. CE-MS for metabolomics: developments and applica-
tions in the period 2012–2014. Electrophoresis. 2015;36:212–24.

	55.	Lindenburg PW, Haselberg R, Rozing G, Ramautar R. Developments in interfacing designs for 
CE–MS: towards enabling tools for proteomics and metabolomics. Chromatographia. 
2015;78:367–77.

	56.	 Iadarola P, Fumagalli M, Bardoni AM, Salvini R, Viglio S. Recent applications of CE- and 
HPLC-MS in the analysis of human fluids. Electrophoresis. 2016;37:212–30.

	57.	James AT, Martin AJP. Gas-liquid partition chromatography: the separation and micro estima-
tion of volatile fatty acids from formic acid to dodecanoic acid. Biochem J. 1952;50:679–90.

	58.	Horvath CG, Preiss BA, Lipsky SR. Fast liquid chromatography. Investigation of operating 
parameters and the separation of nucleotides on pellicular ion exchangers. Anal Chem. 
1967;39:1422–8.

	59.	Jorgenson JW, Lukacs KD. Zone electrophoresis in open-tubular glass capillaries. Anal Chem. 
1981;53:1298–302.

	60.	Jorgenson JW, Lukacs KD. High-resolution separations based on electrophoresis and electro-
osmosis. J Chromatogr. 1981;218:209–16.

	61.	Hjérten S. Free zone electrophoresis. Chromatogr Rev. 1967;9:122–219.
	62.	Virtanen R. Zone electrophoresis in a narrow-bore tube employing potentiometric detection. 

Theoretical and experimental study. Acta Polytech Scand Chem Incl Metall Ser. 
1974;123:1–67.

	63.	Mikkers FEP, Everaerts FM, Verheggen PEM.  High performance zone electrophoresis. 
J Chromatogr. 1979;169:11–20.

	64.	Landers JP. Handbook of capillary and microchip electrophoresis and associated microtech-
niques. New York: CRC Press; 2007.

	65.	Terabe S, Otsuka K, Ichikawa K, Tsuchiya A, Ando T. Electrokinetic separations with micellar 
solutions and open-tubular capillaries. Anal Chem. 1984;56:111–3.

	66.	Righetti PG. Determination of the isoelectric point of proteins by capillary isoelectric focus-
ing. J Chromatogr A. 2004;1037:491–9.

	67.	Silvertand LHH, Torao JS, Bennekom WP, de Jong GJ. Recent developments in capillary iso-
electric focusing. J Chromatogr A. 2008;1204:157–70.

	68.	Righetti PG, Sebastiano R, Citterio A. Capillary electrophoresis and isoelectric focusing in 
peptide and protein analysis. Proteomics. 2013;13:325–40.

	69.	Malá Z, Gebauer P, Boček P.  Recent progress in analytical capillary isotachophoresis. 
Electrophoresis. 2015;36:2–14.

	70.	Cohen AS, Paulus A, Karger BL. High-performance capillary electrophoresis using open tubes 
and gels. Chromatographia. 1987;24:15–24.

	71.	Knox JH, Grant IH. Electrochromatography in packed tubes using 1.5 to 50 silica gels and 
ODS bonded silica gels. Chromatographia. 1991;32:317–28.

	72.	Heegaard NHH. Affinity in electrophoresis. Electrophoresis. 2009;30:S229–39.
	73.	Olivares JA, Nguyen NT, Yonker CR, Smith RD. On-line mass spectrometric detection for 

capillary zone electrophoresis. Anal Chem. 1987;59:1230–2.
	74.	Smith RD, Olivares JA, Nguyen NT, Udseth HR. Capillary zone electrophoresis-mass spec-

trometry using an electrospray ionization interface. Anal Chem. 1988;60:436–41.
	75.	Smith RD, Barinaga CJ, Udseth HR. Improved electrospray ionization interface for capillary 

zone electrophoresis-mass spectrometry. Anal Chem. 1988;60:1948–52.
	76.	Smith RD, Udseth HR. Capillary zone electrophoresis-MS. Nature. 1988;331:639–40.
	77.	Naz S, Calderón AA, García A, Gallafrio J, Mestre RT, González EG, de Cabo CM, Delgado 

MCM, Balanza JAL, Simionato AVC, Vaeza NN, Barbas C, Rupérez FJ. Unveiling differences 
between patients with acute coronary syndrome with and without ST elevation through finger-
printing with CE-MS and HILIC-MS targeted analysis. Electrophoresis. 2015;36:2303–13.

5  Strategies Involving Mass Spectrometry Combined with Capillary Electrophoresis



136

	78.	Nevedomskaya E, Ramautar R, Derks R, Westbroek I, Zondag G, van der Pluijm I, Deelder 
AM, Mayboroda OA. CE-MS for metabolic profiling of volume-limited urine samples: appli-
cation to accelerated aging TTD mice. J Proteome Res. 2010;9:4869–74.

	79.	 Ibáñez C, Simó C, Martín-Álvarez PJ, Kivipelto M, Winblad B, Cedazo-Mínguez A, Cifuentes 
A. Toward a predictive model of Alzheimer’s disease progression using capillary electropho-
resis-mass spectrometry metabolomics. Anal Chem. 2012;84:8532–40.

	80.	González-Domínguez R, García A, García-Barrera T, Barbas C, Gómez-Ariza JL. Metabolomic 
profiling of serum in the progression of Alzheimer’s disease by capillary electrophoresis-mass 
spectrometry. Electrophoresis. 2014;35:3321–30.

	81.	Alberice JV, Amaral AFS, Armitage EG, Lorente JA, Algaba F, Carrilho E, Márquez M, García 
A, Malats N, Barbas C. Searching for urine biomarkers of bladder cancer recurrence using a 
liquid chromatography-mass spectrometry and capillary electrophoresis-mass spectrometry 
metabolomics approach. J Chromatogr A. 2013;1318:163–70.

	82.	Sugimoto M, Wong DT, Hirayama A, Soga T, Tomita M. Capillary electrophoresis mass spec-
trometry-based saliva metabolomics identified oral, breast and pancreatic cancer-specific pro-
files. Metabolomics. 2010;6:78–95.

	83.	 Ibáñez C, Simó C, García-Cañas V, Gómez-Martínez A, Ferragut JA, Cifuentes A. CE/LC-MS 
multiplatform for broad metabolomic analysis of dietary polyphenols effect on colon cancer 
cells proliferation. Electrophoresis. 2012;33:2328–36.

	84.	Hirayama A, Kami K, Sugimoto M, Sugawara M, Toki N, Onozuka H, Kinoshita T, Saito N, 
Ochiai A, Tomita M, Esumi H, Soga T. Quantitative metabolome profiling of colon and stom-
ach cancer microenvironment by capillary electrophoresis time-of-flight mass spectrometry. 
Cancer Res. 2009;69:4918–25.

	85.	Kami K, Fujimori T, Sato H, Sato M, Yamamoto H, Ohashi Y, Sugiyama N, Ishihama Y, 
Onozuka H, Ochiai A, Esumi H, Soga T, Tomita M. Metabolomic profiling of lung and prostate 
tumor tissues by capillary electrophoresis time-of-flight mass spectrometry. Metabolomics. 
2013;9:444–53.

	86.	Chen J-L, Fan J, Lu X-J.  CE-MS based on moving reaction boundary method for urinary 
metabolomics analysis of gastric cancer patients. Electrophoresis. 2014;35:1032–9.

	87.	Soliman LC, Hui Y, Hewavitharana AK, Chen DD. Monitoring potential prostate cancer bio-
markers in urine by capillary electrophoresis-tandem mass spectrometry. J  Chromatogr A. 
2012;1267:162–9.

	88.	Toyohara T, Akiyama Y, Suzuki T, Takeuchi Y, Mishima E, Tanemoto M, Momose A, Toki N, 
Sato H, Nakayama M, Hozawa A, Tsuji I, Ito S, Soga T, Abe T. Metabolomic profiling of ure-
mic solutes in CKD patients. Hypertens Res. 2010;33:944–52.

	89.	Ramautar R, van der Plas AA, Nevedomskaya E, Derks RJ, Somsen GW, de Jong GJ, van 
Hilten JJ, Deelder AM, Mayboroda OA.  Explorative analysis of urine by capillary 
electrophoresis-mass spectrometry in chronic patients with complex regional pain syndrome. 
J Proteome Res. 2009;8:5559–67.

	90.	Erny GL, Acunha T, Simó C, Cifuentes A, Alves A. Algorithm for comprehensive analysis of 
datasets from hyphenated high resolution mass spectrometric techniques using single ion pro-
files and cluster analysis. J Chromatogr A. 2016;1429:134–41.

	91.	Armitage EG, Godzien J, Alonso-Herranz V, López-Gonzálvez Á, Barbas C. Missing value 
imputation strategies for metabolomics data. Electrophoresis. 2015;36:3050–60.

	92.	Balderaz C, Rupérez FJ, Ibañez E, Señorans J, Guerrero-Fernández J, Casado IG, Gracia-
Bouthelier R, García A, Barbas C. Plasma and urine metabolic fingerprinting of type 1 diabetic 
children. Electrophoresis. 2013;34:2882–90.

	93.	Ciborowski M, Adamska E, Rusak M, Godzien J, Wilk J, Citko A, Bauer W, Gorska M, 
Kretowski A. CE-MS-based serum fingerprinting to track evolution of type 2 diabetes mellitus. 
Electrophoresis. 2015;36:2286–93.

	94.	Maekawa K, Hirayama A, Iwata Y, Tajima Y, Nishimaki-Mogami T, Sugawara S, Ueno N, Abe 
H, Ishikawa M, Murayama M, Matsuzawa Y, Nakanishi H, Ikeda K, Arita M, Taguchi R, 
Minamino N, Wakabayashi S, Soga T, Saito Y. Global metabolomic analysis of heart tissue in 
a hamster model for dilated cardiomyopathy. J Mol Cell Cardiol. 2013;59:76–85.

K.T. Rodrigues et al.



137

	 95.	Keuhnbaum NL, Gillen JB, Kormendi A, Lam KP, DiBattista A, Gibala MJ, Britz-McKibbin 
P. Multiplexed separations for biomarker discovery in metabolomics: elucidating adaptive 
responses to exercise training. Electrophoresis. 2015;36:2226–36.

	 96.	Tokushige K, Hashimoto E, Kodama K, Tobari M, Matsishita N, Kogiso T, Taiai M, Torii N, 
Shiratori K, Nishizaki Y, Ohga T, Ohashi T, Sato T. Serum metabolomic profile and poten-
tial biomarkers for severity of fibrosis in nonalcohol fatty liver disease. J  Gastroenterol. 
2013;48:1392–400.

	 97.	Takeuchi K, Ohishi M, Endo K, Suzumura K, Naraoka H, Ohata T, Seki J, Miyamae Y, 
Honma M, Soga T. Metabolomic analysis of the effects of omeprazole and famotidine on 
aspirin-induced gastric injury. Metabolomics. 2014;10:995–1004.

	 98.	Soga T, Baran R, Suematsu M, Ueno Y, Ikeda S, Sakurakawa T, Kakazu Y, Ishikawa T, 
Robert M, Nishioka T, Tomita M.  Differential metabolomics reveals ophthalmic acid as 
an oxidative stress biomarker indicating hepatic glutathione consumption. J  Biol Chem. 
2006;281:16768–76.

	 99.	Zeng J, Yin P, Tan Y, Dong L, Hu C, Huang Q, Lu X, Wang H, Xu G. Metabolomics study 
of hepatocellular carcinoma: discovery and validation of serum potential biomarkers using 
capillary electrophoresis-mass spectrometry. J Proteome Res. 2014;13:3420–31.

	100.	Pont L, Benavente F, Jaumot J, Tauler R, Alberch J, Ginés S, Barbosa J, Sanz-Nebot 
V. Metabolic profiling for the identification of Huntington biomarkers by on-line solid-phase 
extraction capillary electrophoresis-mass spectrometry combined with advanced data analy-
sis tools. Electrophoresis. 2016;37:795–808.

	101.	González-Peña D, Dudzik D, Colina-Coca C, de Ancos B, García A, Barbas C, Sánchez-
Moreno C.  Evaluation of onion as a functional ingredient in the prevention of metabolic 
impairments associated to diet-induced hypercholesterolaemia using a multiplatform 
approach based on LC-MS CE-MS and GC-MS. J Funct Foods. 2015;19:363–75.

	102.	Chalcraft KR, Britz-McKibbin P. Newborn screening of inborn errors of metabolism by cap-
illary electrophoresis-electrospray ionization-mass spectrometry: a second-tier method with 
improved specificity and sensitivity. Anal Chem. 2009;81:307–14.

	103.	Soga T, Sugimoto M, Honma M, Mori M, Igarashi K, Kashikura K, Ikeda S, Hirayama A, 
Yamamoto T, Yoshida H, Otsuka M, Tsuji S, Yatomi Y, Sakuragawa T, Watanabe H, Nihei 
K, Saito T, Kawata S, Suzuki H, Tomita M, Suematsu M.  Serum metabolomics reveals 
γ-glutamyl dipeptides as biomarkers for discrimination among different forms of liver dis-
ease. J Hepatol. 2011;55:896–905.

	104.	Hirayama A, Igarashi K, Tomita M, Soga T. Development of quantitative method for deter-
mination of γ-glutamyl peptides by capillary electrophoresis tandem mass spectrometry: an 
efficient approach avoiding matrix effect. J Chromatogr A. 2014;1369:161–9.

	105.	Harada S, Takebayashi T, Kurihara A, Akiyama M, Suzuki A, Hatakeyama Y, Sugiyama D, 
Kuwabara K, Takeuchi A, Okamura T, Nishiwaki Y, Tanaka T, Hirayama A, Sugimoto M, Soga 
T, Tomita M. Metabolomic profiling reveals novel biomarkers of alcohol intake and alcohol-
induced liver injury in community-dwelling men. Environ Health Prev Med. 2016;21:18–26.

	106.	Naz S, Garcia A, Rusak M, Barbas C. Method development and validation for rat serum fin-
gerprinting with CE-MS: application to ventilator-induced-lung-injury study. Anal Bioanal 
Chem. 2013;405:4849–58.

	107.	Katja BP, Elgstoen J, Zhao Y, Anacleto JF, Jellum E. Potential of capillary electrophoresis, 
tandem mass spectrometry and coupled capillary electrophoresis-tandem mass spectrometry 
as diagnostic tools. J Chromatogr A. 2001;914:265–75.

	108.	Kuehnbaum NL, Britz-McKibbin P. Comprehensive profiling of free and conjugated estrogens 
by capillary electrophoresis time-of-flight/mass spectrometry. Anal Chem. 2011;83:8063–8.

	109.	Hao L, Zhong X, Greer T, Ye H, Li L. Relative quantification of amine-containing metabolites 
using isobaric N, N-dimethyl leucine (DiLeu) reagents via LC-ESI-MS/MS and CE-ESI-MS/
MS. Analyst. 2015;140:467–75.

	110.	Arvidsson B, Johannesson N, Citterio A, Righetti PG, Bergquist J. High throughput analysis 
of tryptophan metabolites in a complex matrix using capillary electrophoresis coupled to 
time-of-flight mass spectrometry. J Chromatogr A. 2007;1159:154–8.

5  Strategies Involving Mass Spectrometry Combined with Capillary Electrophoresis



138

	111.	D’Agostino LA, Lam KP, Lee R, Britz-McKibbin P. Comprehensive plasma thiol redox sta-
tus determination for metabolomics. J Proteome Res. 2011;10:592–603.

	112.	Kok MGM, de Jong GJ, Somsen GW. Sensitivity enhancement in capillary electrophoresis-
mass spectrometry of anionic metabolites using a triethylamine containing background elec-
trolyte and sheath liquid. Electrophoresis. 2011;32:3016–24.

	113.	Ramautar R, Mayboroda OA, Deelder AM, Somsen GW, de Jong GJ. Metabolic analysis of 
body fluids by capillary electrophoresis using noncovalently coated capillaries. J Chromatogr 
B. 2008;871:370–4.

	114.	Ramautar R, Toraño JS, Somsen GW, de Jong GJ. Evaluation of CE methods for global meta-
bolic profiling of urine. Electrophoresis. 2010;31:2319–27.

	115.	Ramautar R, Nevedomskaya E, Mayboroda OA, Deelder AM, Wilson ID, Gika HG, 
Theodoridis GA, Somsen GW, de Jong GJ. Metabolic profiling of human urine by CE-MS 
using a positively charged capillary coating and comparison with UPLC-MS. Mol Biosyst. 
2011;7:194–9.

	116.	Hirayama A, Tomita M, Soga T.  Sheathless capillary electrophoresis-mass spectrom-
etry with a high-sensitivity porous sprayer for cationic metabolome analysis. Analyst. 
2012;137:5026–33.

	117.	Ramautar R, Busnel JM, Deelder AM, Mayboroda OA. Enhancing the coverage of the uri-
nary metabolome by sheathless capillary electrophoresis-mass spectrometry. Anal Chem. 
2012;84:885–92.

	118.	Ramautar R, Shyti R, Schoenmaker B, de Groote L, Derks RJ, Ferrari MD, van den 
Maagdenberg AM, Deelder AM, Mayboroda OA. Metabolic profiling of mouse cerebrospinal 
fluid by sheathless CE-MS. Anal Bioanal Chem. 2012;404:2895–900.

	119.	Peterson ZD, Collins DC, Bowerbank CR, Lee ML, Graves SW. Determination of catechol-
amines and metanephrines in urine by CE-ESI-TOF mass spectrometry. J Chromatogr B. 
2002;776:221–9.

	120.	Benavente F, van der Heijden R, Tjaden UR, van der Greef J, Hankemeier T. Metabolite pro-
filing of human urine by CE-ESI-MS using separation electrolytes at low pH. Electrophoresis. 
2006;27:4570–84.

	121.	Desiderio C, De Rossi A, Inzitari R, Mancinelli A, Rossetti DV, Castagnola M, Messana 
I.  Optimization of a rapid capillary electrophoresis ESI-IT tandem mass spectrometry 
method for the analysis of short-chain carnitines in human plasma. Anal Bioanal Chem. 
2008;390:1637–44.

	122.	Soga T, Igarashi K, Ito C, Mizobuchi K, Zimmermann HP, Tomita M. Metabolomic pro-
filing of anionic metabolites by capillary electrophoresis mass spectrometry. Anal Chem. 
2009;81:6165–74.

	123.	Soga T, Kakazu Y, Robert M, Tomita M, Nishioka T. Qualitative and quantitative analysis of 
amino acids by capillary electrophoresis-electrospray ionization-tandem mass spectrometry. 
Electrophoresis. 2004;25:1964–72.

	124.	Shyti R, Kohler I, Schoenmaker B, Derks RJE, Ferrari MD, Tolner EA, Mayboroda OA, van 
den Maagdenberg AMJM. Plasma metabolic profiling after cortical spreading depression in a 
transgenic mouse model of hemiplegic migraine by capillary electrophoresis-mass spectrom-
etry. Mol Biosyst. 2015;11:1462–71.

	125.	Soga T, Ueno Y, Naraoka H, Ohashi Y, Tomita M, Nishioka T. Simultaneous determination 
of anionic intermediates for Bacillus subtilis metabolic pathways by capillary electrophoresis 
electrospray ionization mass spectrometry. Anal Chem. 2002;74:2233–9.

	126.	Soga T, Ueno Y, Naraoka H, Matsuda K, Tomita M, Nishioka T. Pressure-assisted capillary 
electrophoresis electrospray ionization mass spectrometry for analysis of multivalent anions. 
Anal Chem. 2003;74:6224–9.

	127.	Soga T, Ohashi Y, Ueno Y, Naraoka H, Tomita M, Nishioka T. Quantitative metabolome anal-
ysis using capillary electrophoresis mass spectrometry. J Proteome Res. 2003;2:488–94.

	128.	Edwards JL, Chisolm CN, Shackmana JG, Kennedy RT. Negative mode sheathless capillary 
electrophoresis electrospray ionization-mass spectrometry for metabolite analysis of pro-
karyotes. J Chromatogr A. 2006;1106:80–8.

K.T. Rodrigues et al.



139

	129.	Timischl B, Dettmer K, Kaspar H, Thieme M, Oefner PJ. Development of a quantitative, 
validated capillary electrophoresis-time-of-flight-mass spectrometry method with integrated 
high-confidence analyte identification for metabolomics. Electrophoresis. 2008;29:2203–14.

	130.	Aerts JT, Louis KR, Crandall SR, Govindaiah G, Cox CL, Sweedler JV. Patch clamp elec-
trophysiology and capillary electrophoresis-mass spectrometry metabolomics for single cell 
characterization. Anal Chem. 2014;86:3203–8.

	131.	 Ibáñez C, Simó C, Valdés A, Campone L, Piccinelli AL, García-Cañas V, Cifuentes 
A. Metabolomics of adherent mammalian cells by capillary electrophoresis-mass spectrom-
etry: HT-29 cell as case study. J Pharm Biomed Anal. 2015;110:83–92.

	132.	Gulersonmez MC, Lock S, Hankemeier T, Ramautar R. Sheathless capillary electrophoresis-
mass spectrometry for anionic metabolic profiling. Electrophoresis. 2016;37:1007–14.

	133.	Lindenburg PW, Ramautar R, Jayo RG, Chen DDY, Hankemeier T. Capillary electrophoresis-
mass spectrometry using a flow-through microvial interface for cationic metabolome analy-
sis. Electrophoresis. 2014;35:1308–14.

	134.	Saric J, Want EJ, Duthaler U, Lewis M, Keiser J, Shockcor JP, Ross GA, Nicholson JK, Holmes 
E, Tavares MFM.  Systematic evaluation of extraction methods for multiplatform-based 
metabotyping: application to the Fasciola hepatica metabolome. Anal Chem. 2012;84:6963–72.

	135.	Zhao C, Du H, Xu L, Wang J, Tang L, Cao Y, Li C, Wang Q, Liu Y, Shan F, Feng J, Xu F, 
Gao P. Metabolomic analysis revealed glycylglycine accumulation in astrocytes after methio-
nine enkephalin administration exhibiting neuron protective effects. J Pharm Biomed Anal. 
2015;115:48–54.

	136.	Barbas-Bernardos C, Armitage EG, García A, Mérida S, Navea A, Bosch-Morell F, Barbas 
C. Looking into aqueous humor through metabolomics spectacles - exploring its metabolic 
characteristics in relation to myopia. J Pharm Biomed Anal. 2016;127:18–25.

	137.	Tsuruoka M, Hara J, Hirayama A, Sugimoto M, Soga T, Shankle WR, Tomita M. Capillary 
electrophoresis-mass spectrometry-based metabolome analysis of serum and saliva from 
neurodegenerative dementia patients. Electrophoresis. 2013;34:2865–72.

	138.	Mayboroda OA, Neussus C, Pelzing M, Zurek G, Derks R, Meulenbelt I, Kloppenburg M, 
Slagboom EP, Deelder AM. Amino acid profiling in urine by capillary zone electrophoresis - 
mass spectrometry. J Chromatogr A. 2007;1159:149–53.

	139.	Toyohara T, Suzuki T, Akiyama Y, Yoshihara D, Takeuchi Y, Mishima E, Kikuchi K, 
Suzuki C, Tanemoto M, Ito S, Nagao S, Soga T, Abe T.  Metabolomic profiling of the 
autosomal dominant polycystic kidney disease rat model. Clin Exp Nephrol. 2011;15: 
676–87.

	140.	Kuehnbaum NL, Kormendi A, Britz-McKibbin P.  Multisegment injection-capillary 
electrophoresis-mass spectrometry: a high-throughput platform for metabolomics with high 
data fidelity. Anal Chem. 2013;85:10664–9.

	141.	Hirayama A, Sugimoto M, Suzuki A, Hatakeyama Y, Enomoto A, Harada S, Soga T, Tomita 
M, Takebayashi T.  Effects of processing and storage conditions on charged metabolomic 
profiles in blood. Electrophoresis. 2015;36:2148–55.

	142.	Koike S, Bundo M, Iwamoto K, Suga M, Kuwabara H, Ohashi Y, Shinoda K, Takano Y, 
Iwashiro N, Satomura Y, Nagai T, Natsubori T, Tada M, Yamasue H, Kasai K. A snapshot of 
plasma metabolites in first-episode schizophrenia: a capillary electrophoresis time-of-flight 
mass spectrometry study. Transl Psychiatry. 2014;4:e379.

	143.	Naz S, García A, Barbas C. Multiplatform analytical methodology for metabolic fingerprint-
ing of lung tissue. Anal Chem. 2013;85:10941–8.

	144.	Ramautar R, Mayboroda OA, Derks RJE, van Nieuwkoop C, van Dissel JT, Somsen GW, 
Deelder AM, de Jong GJ. Capillary electrophoresis-time-of-flight-mass spectrometry using 
noncovalently bilayer-coated capillaries for the analysis of amino acids in human urine. 
Electrophoresis. 2008;29:2714–22.

	145.	Rodrigues KT, Mekahli D, Tavares MFM, Van Schepdael A. Development and validation 
of a CE-MS method for the targeted assessment of amino acids in urine. Electrophoresis. 
2016;37:1039–47.

5  Strategies Involving Mass Spectrometry Combined with Capillary Electrophoresis



140

	146.	Ullsten S, Danielsson R, Bäckström D, Sjöberg P, Bergquist J. Urine profiling using cap-
illary electrophoresis-mass spectrometry and multivariate data analysis. J  Chromatogr A. 
2006;1117:87–93.

	147.	Somsen GW, Mol R, de Jong GJ. On-line micellar electrokinetic chromatography-mass spec-
trometry: feasibility of direct introduction of non-volatile buffer and surfactant into the elec-
trospray interface. J Chromatogr A. 2003;1000:953–61.

	148.	Moreno-González D, Toraño JS, Gámiz-Gracia L, García-Campana AM, de Jong GJ, 
Somsen GW.  Micellar electrokinetic chromatography–electrospray ionization mass spec-
trometry employing a volatile surfactant for the analysis of amino acids in human urine. 
Electrophoresis. 2013;34:2615–22.

	149.	Sirén H, Seppanen-Laakso T, Oresic M. Capillary electrophoresis with UV detection and 
mass spectrometry in method development for profiling metabolites of steroid hormone 
metabolism. J Chromatogr B. 2008;871:375–82.

	150.	Blas M, McCord BR. Determination of trace levels of benzodiazepine in urine using cap-
illary electrochromatography-time of flight mass spectrometry. Electrophoresis. 2008;29: 
2182–92.

	151.	Wu Q, Yu X, Wang Y, Gu X, Ma X, Lv W, Chen Z, Yan C. Pressurized CEC coupled with 
QTOF-MS for urinary metabolomics. Electrophoresis. 2014;35:2470–8.

	152.	Schmitt-Kopplin P, Frommberger M. Capillary electrophoresis - mass spectrometry: 15 years 
of developments and applications. Electrophoresis. 2003;24:3837–67.

	153.	Hernández-Borges J, Neusüß C, Cifuentes A, Pelzing M. On-line capillary electrophoresis-
mass spectrometry for the analysis of biomolecules. Electrophoresis. 2004;25:2257–81.

	154.	Assunção NA, Bechara EJH, Simionato AVC, Tavares MFM, Carrilho E. Eletroforese capilar 
acoplada à espectrometria de massas (CE-MS): vinte anos de desenvolvimento. Quim Nova. 
2008;31:2124–33.

	155.	Klampfl CW.  CE with MS detection: a rapidly developing hyphenated technique. 
Electrophoresis. 2009;30:S83–91.

	156.	Causon TJ, Maringer L, Buchberger W, Klampfl CW.  Addition of reagents to the sheath 
liquid: a novel concept in capillary electrophoresis-mass spectrometry. J  Chromatogr A. 
2014;1343:182–7.

	157.	Naz S, Vallejo M, García A, Barbas C. Method validation strategies involved in non-targeted 
metabolomics. J Chromatogr A. 2014;1353:99–105.

	158.	Reiter SM, Buchberger W, Klampfl CW. Investigations on the influence of interface-geometry 
in CE-ESI-TOF-MS. Chromatographia. 2010;71:715–9.

	159.	Wachs T, Sheppard RL, Henion J. Design and applications of a self-aligning liquid junction-
electrospray interface for capillary electrophoresis-mass spectrometry. J  Chromatogr B 
Biomed Appl. 1996;685:335–42.

	160.	Maxwell EJ, Zhong X, Zhang H, van Zeijl N, Chen DDY. Decoupling CE and ESI for a more 
robust interface with MS. Electrophoresis. 2010;31:1130–7.

	161.	 Issaq HJ, Janini GM, Chan KC, Veenstra TD. Sheathless electrospray ionization interfaces 
for capillary electrophoresis–mass spectrometric detection: advantages and limitations. 
J Chromatogr A. 2004;1053:37–42.

	162.	Zamfir AD. Recent advances in sheathless interfacing of capillary electrophoresis and elec-
trospray ionization mass spectrometry. J Chromatogr A. 2007;1159:2–13.

	163.	Maxwell EJ, Chen DDY. Twenty years of interface development for capillary electrophoresis-
electrospray ionization-mass spectrometry. Anal Chim Acta. 2008;627:25–33.

	164.	Moini M. Simplifying CE-MS operation. 2. Interfacing low-flow separation techniques to 
mass spectrometry using a porous tip. Anal Chem. 2007;70:4241–6.

	165.	Haselberg R, Ratnayake CK, de Jong GJ, Somsen GW. Performance of a sheathless porous 
tip sprayer for capillary electrophoresis–electrospray ionization-mass spectrometry of intact 
proteins. J Chromatogr A. 2010;1217:7605–11.

	166.	Ramautar R, Somsen GW, de Jong GJ.  Direct sample injection for capillary electropho-
retic determination of organic acids in cerebrospinal fluid. Anal Bioanal Chem. 2007;387: 
293–301.

K.T. Rodrigues et al.



141

	167.	Yang WC, Regnier FE, Adamec J. Comparative metabolite profiling of carboxylic acids in 
rat urine by CE-ESI MS/MS through positively pre-charged and 2H-coded derivatization. 
Electrophoresis. 2008;29:4549–60.

	168.	Lin X, Gerardi AR, Breitbach ZS, Armstrong DW, Colyer CL. CE-ESI-MS analysis of sin-
gly charged inorganic and organic anions using a dicationic reagent as a complexing agent. 
Electrophoresis. 2009;30:3918–25.

	169.	Jellum E, Thorsrud AK, Time E. Capillary electrophoresis for diagnosis and studies of human 
disease, particularly metabolic disorders. J Chromatogr. 1991;559:455–65.

	170.	Jellum E, Dollekamp H, Brunsvig A, Gislefoss R. Diagnostic applications of chromatogra-
phy and capillary electrophoresis. J Chromatogr B Biomed Sci Appl. 1997;689:155–64.

	171.	Jellum E, Dollekamp H, Blessum C. Capillary electrophoresis for clinical problem solving: 
analysis of urinary diagnostic metabolites and serum proteins. J Chromatogr B Biomed Sci 
Appl. 1996;683:55–65.

	172.	Barbas C, Adeva N, Aguilar R, Rosillo M, Rubio T, Castro M. Quantitative determination 
of short-chain organic acids in urine by capillary electrophoresis. Clin Chem. 1998;44: 
1340–2.

	173.	García A, Barbas C, Aguilar R, Castro M. Capillary electrophoresis for rapid profiling of 
organic acidurias. Clin Chem. 1998;44:1905–11.

	174.	Wakayama M, Hiramaya A, Soga T. Capillary electrophoresis-mass spectrometry. Methods 
Mol Biol. 2015;1277:113–22.

	175.	Pejchinovski M, Hrnjez D, Ramirez-Torres A, Bitsika V, Mermelekas G, Vlahou A, Zürbig 
P, Mischak H, Metzger J, Koeck T. Capillary zone electrophoresis on-line coupled to mass 
spectrometry: a perspective application for clinical proteomics. Proteomics Clin Appl. 
2015;9:453–68.

	176.	Stalmach A, Husi H, Mosbahi K, Albalat A, Mullen W, Mischak H. Methods in capillary 
electrophoresis coupled to mass spectrometry for the identification of clinical proteomic/
peptidomic biomarkers in biofluids. Methods Mol Biol. 2015;1243:187–205.

	177.	Simó C, Ibanez C, Gomez-Martinez A, Ferragut JA, Cifuentes A.  Is metabolomics reach-
able? Different purification strategies of human colon cancer cells provide different CE-MS 
metabolite profiles. Electrophoresis. 2011;32:1765–77.

	178.	Garcia A, Naz S, Barbas C. Metabolite fingerprinting by capillary electrophoresis-mass spec-
trometry. Methods Mol Biol. 2014;1198:107–23.

	179.	Barbas C, Vallejo M, García A, Barlow D, Hanna-Brown M. Capillary electrophoresis as a 
metabolomic tool in antioxidant therapy studies. J Pharm Biomed Anal. 2008;47:388–98.

	180.	Nevedomskaya E, Derks R, Deelder AM, Mayboroda OA, Palmblad M. Alignment of cap-
illary electrophoresis–mass spectrometry datasets using accurate mass information. Anal 
Bioanal Chem. 2009;395:2527–33.

	181.	Sugimoto M, Hirayama A, Ishikawa T, Robert M, Baran R, Uehara K, Kawai K, Soga T, 
Tomita M. Differential metabolomics software for capillary electrophoresis-mass spectrom-
etry data analysis. Metabolomics. 2010;6:27–41.

	182.	Kok MG, Ruijken MM, Swann JR, Wilson ID, Somsen GW, de Jong GJ. Anionic metabolic 
profiling of urine from antibiotic-treated rats by capillary electrophoresis-mass spectrometry. 
Anal Bioanal Chem. 2013;405:2585–94.

	183.	Sugimoto M, Hirayama A, Robert M, Abe S, Soga T, Tomita M. Prediction of metabolite 
identity from accurate mass, migration time prediction and isotopic pattern information in 
CE-TOFMS data. Electrophoresis. 2010;31:2311–8.

	184.	Lee R, Britz-McKibbin P. Differential rates of glutathione oxidation for assessment of cel-
lular redox status and antioxidant capacity by capillary electrophoresis-mass spectrometry: 
an elusive biomarker of oxidative stress. Anal Chem. 2009;81:7047–56.

	185.	Chalcraft KR, Lee R, Mills C, Britz-McKibbin P. Virtual quantification of metabolites by 
capillary electrophoresis-electrospray ionization-mass spectrometry: predicting ionization 
efficiency without chemical standards. Anal Chem. 2009;81:2506–15.

5  Strategies Involving Mass Spectrometry Combined with Capillary Electrophoresis


	Chapter 5: Strategies Involving Mass Spectrometry Combined with Capillary Electrophoresis in Metabolomics
	5.1 The Niche of CE-MS in Metabolomics
	5.2 CE-MS
	5.2.1 Onset and Pioneer Work
	5.2.2 CE-MS Interfaces
	5.2.3 CE-MS Methodologies for Metabolomics

	5.3 Representative Applications of CE-MS in Clinical Metabolomics
	5.4 Conclusions and Perspectives
	References


